ABSTRACT: Intratumoral heterogeneity challenges existing paradigms for anticancer therapy. Accumulating evidence demonstrates that the model of cancer stem cells (CSCs) and the model of clonal evolution mutually contribute to intratumoral heterogeneity, as CSCs themselves undergo clonal evolution. The limitation of conventional anticancer therapies may lead to treatment failure and cancer recurrence, mainly due to drug resistance and self-renewal capacities of CSC. These two factors are responsible for resistance to standard oncology treatments. In this study, we examine cold atmospheric plasma (CAP) treatment of CSC in vitro. We demonstrate that two types of heterogeneous CSC populations derived from a single patient tumor are sensitive to the effects of plasma treatment. Surprisingly, the more aggressive CSC population (C13) was more sensitive to CAP treatment than the less aggressive type (C12).
I. INTRODUCTION
Plasma is an ionized gas that is generated in high-temperature laboratory conditions. Recent developments in plasma physics research has led to the production of cold plasmas with ion temperature close to room temperature. [1] [2] [3] Initial studies demonstrated the nonaggressive nature of the cold plasma, whereby plasma can interact with organic materials without causing thermal/electrical damage to the cell surface. These developments opened up new avenues for plasma applications in biological settings including wound healing, disinfection, and more recently in cancer research. 4, 5 This has led to the development of a new field in biological research known as plasma medicine.
Plasma medicine is a relatively new scientific field which emerged from research in the application of low-temperature (or cold) atmospheric plasmas in bioengineering. [1] [2] [3] [4] Cold atmospheric plasma (CAP) interacts with tissue in ways that allow targeted cell removal without necrosis, which is cell disruption. CAP affects cells via a programmable process called apoptosis, [1] [2] [3] [4] a multistep process leading to cell death. Recent cold plasma therapy studies, both in vivo and in vitro, demonstrated that apoptosis occurs in bacterial and mammalian cells including various types of cancer cells. The first in vivo demonstration of CAP anticancer potential was performed by Vandamme et al. 6, 7 on human U87 glioblastoma xenotransplants. This study indicated that treatment over multiple days was effective in reducing tumor volume and increasing survival time through apoptosis mediated by ROS-reactive oxygen species. In another study the antitumor action of CAP was demonstrated on syngeneic mouse melanoma and heterotopic human bladder cancer xenograft models. 8 The ability of CAP to ablate the tumor in a single treatment was one of the most interesting results demonstrated. In particular, tumors about 5 mm in diameter were ablated after approximately 2 minutes in a single treatment.
Nevertheless, it is now widely appreciated that a single tumor is basically comprised of heterogeneous cell populations, each of which display a diverse cellular morphology, phenotypic expression, tumor initiation capacities, and inherent or acquired resistance to anticancer drugs. [9] [10] [11] [12] The aggressiveness and ingenuity of human cancers emanate mainly from such complex intratumoral heterogeneities, which in turn have been attributed to genetic and epigenetic changes coupled with adaptive responses to the tumor microenvironment. Accumulating evidence demonstrates that the cancer stem cell (CSC) model and the clonal evolution model mutually contribute to intratumoral heterogeneity, as CSCs themselves undergo clonal evolution. [13] [14] [15] [16] The continuous accumulation of mutations generates heterogeneity of cells within a solid tumor and its metastases, and they may reflect the process whereby certain subsets of tumor cells become more aggressive during tumor progression.
The limitation of conventional anticancer therapies may lead to treatment failure and cancer recurrence mainly due to drug resistance and self-renewal capacities of CSCs, which are responsible for resistance to standard oncology treatments. 17 Therefore, to overcome the ineffectiveness of traditional cancer therapies that lead to tumor recurrence and metastasis, it is important to develop efficient anticancer treatments. The combination of conventional anticancer drugs with treatments targeting CSCs may offer a promising strategy for management and eradication of different types of cancers.
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CAP was previously shown to be a potential novel therapy for the treatment of cancer . [6] [7] [8] 19 In addition, previous research demonstrated that cancer cells are more sensitive than normal cells to the effects of plasma. 20 This offers a promising alternative to conventional therapies that have harmful side effects. It was recently demonstrated that cancer initiating cells (CICs) underwent apoptosis at a comparable level to non-CICs. 21 For this reason, we sought to examine the effect of CAP on two different ovarian cancer stem cells derived from a single tumor to determine its feasibility in eradication of CSC in vitro.
II. MATERIALS AND METHODS

A. Cold plasma treatments
Cold plasma treatments were carried out at high-voltage (HV) in the range of 3-5 kV, a frequency of 20 kHz, helium flow in the range 10-20 L-min−1, distance from plasma source to cells of about 1 cm, and treatment durations of about 30 seconds.
Electrical measurements were performed with a Tektronix TDS3014C Digital Phosphor Oscilloscope. Emission spectra were recorded with an optical fiber, which was connected to a fiber optic spectrometer (EPP2000-HR, Stella Net, measurements can be made in UV-VIS-NIR ranges from 190-2200 nm). The feeding gas was helium.
Derivation of ovarian cancer cell subpopulations
After written informed consent was obtained, ascites fluid was collected from a 64-yearold patient diagnosed with stage IV ovarian clear cell carcinoma. The protocol was approved by the institutional Ethics Review Committee of the Rambam Medical Center. Six different cancer cell subpopulations, clonally expanded from a single cell, including cancer cell subpopulations (CCSPs) C12 and C13, were derived from the ovarian ascites containing malignant cells and propagated in culture as previously described. Although maintained in culture for more than 6 years, cell cultures are repeatedly initiated from frozen stocks every 3-4 months, and the CCSPs durably and consistently maintain the bona fide ovarian cancer characteristics, CSC characteristics, and xenografted tumor histological phenotype. 9, 22 2. CAP sensitivity assay CCSP C12 and C13 cancer stem cells were plated in triplicate on fibronectin-coated 12-well plates (5 ´ 103 cells per well) in RPMI-1640 medium supplemented with 20% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% glutamine. Medium was replaced every other day. Cells were treated with CAP for 1, 2, and 3 minutes at days 5, 6, and 8 following seeding. For control, untreated cells and helium-treated cells were used. All cells were harvested on day 11 (from seeding) and counted.
III. RESULTS
A. Cold plasma source
The cold plasma source developed at George Washington University 23 is equipped with a pair of HV electrodes, a central electrode, and an outer ring electrode as shown in . The length of the visible plasma jet was approximately 5 cm and was well collimated along the entire length. According to previous studies 23 the plasma jet is discontinuous and represents a series of propagating plasma bullets.
B. Ovarian cancer-derived heterogeneous cancer stem cells
Ovarian clear cell carcinoma (OCCC) is characterized by striking intratumoral morphologic heterogeneity, including some cells with features of advanced ovarian structural variation and other cells with features of tumorigenic differentiation (e.g., invasion, proliferation) and corresponding cell surface and intracellular marker heterogeneity. [24] [25] [26] [27] [28] We have isolated and characterized six different CCSPs from a tumor of a single patient, and demonstrated niche-dependent tumorigenic capacities and histological phenotypes that cumulatively recapitulate the full spectrum of tumor heterogeneity. 22 The six CCSPs, each clonally expanded from a single cell, demonstrate striking intratumoral phenotypic heterogeneity that is dynamically dependent on the tumor growth microenvironment. The six CCSPs were characterized as ovarian CSC according to their functional and phenotypic expression of CD44+CD24+EpCAM+ and ALDH1 activity (Fig. 2) .
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To examine the effect of CAP on CSCs we focused on two distinct CCSPs, C12 and C13, which exhibit the extremes of tumorigenic phenotypic attributes and nichedependent self-renewal capacity.
9,22 C12-derived tumors are characterized by an abundance of highly differentiated ovarian structures, whereas C13-derived tumors exhibit poor ovarian structural differentiation. 22 In addition, C13 preserves its capacity for self-renewal as demonstrated by in vivo perpetuation of tumorigenic cancer cells, both in the murine and in the hESC-based in vivo model. However, C12 fails to perpetuate tumorigenic cells in the murine tissue, but it generates highly aggressive and invasive tumors within the human embryonic stem cells (hESC)-based in vivo model. 9 In the light of this striking effect, we will examine the effect of CAP in eradication of these two populations of patient-derived ovarian tumor CSCs.
C. In vitro cold plasma treatment of cancer stem cells
To examine the effect of plasma treatment on CCSPs C12 and C13 in vitro, cells were seeded on day 1 as described in Table 1 . The cells were treated with plasma on days 5, 6, and 8 for 1, 2, or 3 minutes and counted on day 11 after seeding. Controls were either untreated cells or cells treated with helium for 3 minutes. As seen in Table 1 , the results demonstrate that both CCSPs C12 and C13 were sensitive to plasma to varying degrees. The C13 cells were very sensitive to the plasma treatment, whereas the C12 cells were less sensitive (Fig. 3) . Taken together, these results suggest that CAP treatment could effectively eradicate CSC in patients with ovarian tumors. 
D. Discussion and Concluding Remarks
Over the last several years, convincing evidence of the efficacy of CAP in cancer treatment has accumulated. 4, 5 Various aspects of CAP-based cancer therapy have been studied worldwide, including the role of reactive species (reactive oxygen and nitrogen), cell cycle modification, in vivo application for solid tumors, CAP interaction with cancer cells in conjunction with nanoparticles, and most recently the first clinical application. 4, 5, 20 To this end, the two best known effects of plasma, which are plasma-induced apoptosis and slower cell migration, have important implications in cancer treatment. CAP treatment may help to restrict the spread of cancer and decrease metastatic processes. In this study, we explored the role of CAP in treating CSC, which is another exciting application of this new therapy.
Intratumoral heterogeneity challenges existing paradigms for anticancer therapy. If such heterogeneity also includes self-renewing cells, which sustain the tumor mass, feed into progressive tumorigenic differentiation, and account for tumor recurrence, then attempts to eradicate a single stable self-renewing subpopulation within any given tumor will prove futile. Therefore, any novel method that leads to the destruction of these CSCs will increase the success of cancer treatments.
The molecular mechanisms and cancer cell responses to the CAP jet are not well understood. Normal cells often produce substantially less reactive oxygen and nitrogen species (RONS) than tumor cells. 4, 5 Thus, increased amounts of RONS from the CAP jet could make a dramatic difference in the response of normal and cancer cells to CAP, thereby crossing this survival threshold for tumor cells and leading to cell death through DNA damage, apoptosis, or cell cycle arrest. One plausible hypothesis is that the effect of CAP on CSCs described in this study is associated with RONS generation leading to oxidative stress. Thus, future studies should involve intracellular measurements of RONS.
The results obtained in this study demonstrate that both types of heterogeneous CSC populations derived from a single tumor are sensitive to the effects of plasma treatment, albeit to varying degrees. One interesting outcome is that C13, which was the more aggressive CSC population, was more sensitive to CAP treatment than C12. C13 cells are smaller and have a higher proliferation capacity than C12 cells, and we postulate that these characteristics might increase their sensitivity to CAP. Taken together, our results demonstrate the sensitivity of heterogeneous populations of CSCs derived from a single ovarian tumor to CAP treatment. Our data also suggest that CAP is an efficient and effective anticancer treatment. Further development of CAP technology for CSC treatment should include in vivo studies.
